Nuclear magnetic resonance techniques developed to study membrane permeability in closed membrane systems have been used to investigate transport of 5-hydroxytryptamine across the phospholipid membranes of large unilamellar vesicles. The vesicles, modeling the 5-hydroxytryptamine storage organelles of blood platelets, contained a high internal level of ATP buffered at a pH low relative to the external solution. The resultant pH gradient drove accumulation of 5-hydroxytryptamine to a level consistent with selective transport of the neutral amine. The upfield shifts of the 5-hydroxytryptamine resonances resulting from complexation with internally confined ATP were utilized to resolve and, simultaneously, to observe the internal and external amine. Simulation of the time evolution of the 5-hydroxytryptamine concentration allowed measurement of a permeability coefficient of 1.4 ± 0.5 x 10-5 cm/sec for the neutral amine.
The kinetics of membrane transport are generally investigated by measuring the time evolution of solute concentrations on one or both sides of a biological membrane. Concentrations of cellular contents most often have been measured by using microelectrodes, osmotic response, or quantitative analysis after physical separation of internal and external contents (1, 2) . However, the small size of many cellular organelles precludes the use of microelectrodes, osmotic response is nonselective, and physical separation of contents often places limitations on the range of permeability coefficients that can be measured. Clearly, improved techniques are needed to study transport in vivo.
NMR spectroscopy can be used to investigate membrane transport and has several properties that make it uniquely suited to the study of biological systems. For example, most biomolecules have easily observable magnetic nuclei ('H, 13C, 31p).
Because the chemical shifts of these nuclei are environment dependent, internal and external contents often can be resolved and observed simultaneously without physical separation. The area of an NMR signal is a measure of the number of molecules in that particular environment. Also NMR is a nonperturbing technique and can be used at physiological conditions. Until recently, low sensitivity was a severe problem for NMR. However, the present availability of high-field high-sensitivity Fourier-transform NMR spectrometers has facilitated the observation of even species at low concentration. The biogenic amine 5-hydroxytryptamine (5-HT) is stored at amazingly high concentrations (as high as 1 M) in specialized bilayer membrane vesicles within blood platelets. These 1000-to 2000-A organelles also contain 0.5 M ATP and 0.5 M alkaline earth cations (Mg2", Ca2+) and have a low internal pH (ca. 5.7) (3). It has been suggested that ATP forms an efficient trap for 5-HT by formation of an impermeable low osmolarity aggregate (4) . Aggregates of molecules such as ATP which have high ring current anisotropic magnetic susceptibilities are known to exhibit NMR resonances shifted well upfield from their monomeric positions (5) . It is conceivable that this shift could form the basis for a natural differentiation of internal and external species in a transport study.
At the low levels of 5-HT found in platelet cytoplasm, the accumulation of 5-HT in organelles is proposed to occur by a carrier-mediated process (6) . Experiments on platelet granules and related systems suggest that transport either is directly coupled to a membrane bound ATPase or is driven by an electrochemical pH gradient produced by the ATPase (3). At higher 5-HT levels, or in the absence of the carrier-mediated processes, 5-HT transport still occurs, presumably via a diffusive process. Investigations of both mediated and diffusive processes are necessary for a complete understanding of storage granule function. A number of investigations of transport in platelet granules and related systems have therefore appeared (7, 8) .
We present here an investigation of 5-HT transport in a model vesicle system by using NMR methods. It contributes to our understanding of diffusive transport across bilayer membranes. It also illustrates the potential of NMR spectroscopy for membrane permeability studies in closed biomembranes. Fig. 1 illustrates the vesicles used in the studies. The unilamellar bilayer vesicles are 2000-3000 A in diameter and contain an ATP/phosphate buffer in the pH range 5-6. The external buffer was a phosphate buffer in the pH range 7-8. Upon addition of 5-HT to the outside, the pH gradient should lead to accumulation of 5-HT on the inside. The resulting ring current shifts on stacking of 5-HT with internal ATP should resolve the internal and external 5-HT resonances and allow continuous monitoring of both internal and external 5-HT concentrations.
MATERLALS AND METHODS
Large unilamellar vesicles were prepared by the ether-injection procedure of Deamer and Bangham (9) . Because samples were to be used for proton NMR studies, all buffers were deuterated and p2H is reported as pH meter reading plus 0.4. Into 5 ml of hot (60-650C) 0.025 M ATP/0. 1 M sodium phosphate buffer in the p2H range 5-6 was injected, at 13 ml/hr, 35-40 ml of diethyl ether containing 70 mg of egg yolk phosphatidylcholine, 7 mg of phosphatidic acid, and 1 ml of methanol. After completion of the ether injection, the vesicles were concentrated =2-fold by ultrafiltration (Millipore ultrafiltration apparatus and Pellicon PSED molecular filters). Exchange of external Abbreviation:, S-HT, S-hydroxytryptamine.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. In a typical experiment, 0.24 ml of the vesicle suspension and 0.24 ml of the 5-HT stock solution were injected into an NMR tube within the NMR spectrometer by using a stopped-flow apparatus at an ambient temperature of 20 ± 20C (12) . Successive NMR spectra were accumulated and stored on a magnetic disk in an automated fashion by using a Bruker HX270 NMR spectrometer operating in the pulsed Fourier transform mode with quadature detection at 270 MHz. Each spectrum resulted from 100 scans of 4096 data points, a 900 pulse, and a 3000-Hz sweep-width. Areas of the internal and external 5- In Fig. 3 , transport is seen to occur with a half-time of approximately 3 min. It is also significant that accumulation plateaus after 12 min with an internal-to-external 5-HT ratio of 1.5:1. Given an internal volume % of 14%, this corresponds to a 9-fold concentration excess on the inside of the vesicle.
Because concentration of amine likely was driven by the pH gradient, it is reasonable to ask if the pH gradient is depleted 5 .0 to any extent. External p2H, easily measured by a glass electrode, was found to decrease slightly to 7.8. The internal pH can be measured by the relationships between 31P chemical shifts of ATP or inorganic phosphate and p2H. The final internal p2H was found to have risen to 6.7.
DISCUSSION
The observation of two distinct sets of 5-HT resonances and their time evolution as shown in Fig. 3 are consistent with 5-HT diffusing through the intact membrane from the exterior to the interior of the vesicle. Concentration of an amine on the side of the membrane lowest in pH is characteristic of a system in which the neutral molecule is the only species transported (14) . Under these circumstances, a pseudo-equilibrium should be reached in which the neutral species are at approximately equal concentrations on the two sides of the membrane. If the pH differential is known along with the pKa of the amine, total amine concentrations on each side should reach specific values. Using a pKa of 10 estimated from NMR titrations and measured pH differentials, one would predict a concentration ratio of 12. This is in reasonable agreement with the concentrations shown in the plateau region of Fig. 3 and supports selective transport of the neutral species.
Permeability coefficients are most easily extracted from initial rates. The selective transport of the neutral species leads to a specific dependence as indicated:
In this equation, P is the neutral 5-HT permeability coefficient, A is the membrane area, VE is the external volume, The entire time evolution of the 5-HT concentrations from time 0 to equilibrium can also be described. The theoretical expressions to be derived describe the time evolution of four species: the internal and external total 5 The differential equations were solved numerically by using a Runga-Kutta integration routine with the initial 5-HT, 2H+, ATP, and phosphate concentrations and the fraction internal volume. A least-squares best fit to the experimental data was obtained by using the neutral 5-HT permeability coefficient as the variable quantity. Fig. 5 shows the data for three different pH ranges with their respective best fit curves superimposed. In all cases the curves fit the data within experimental error. The neutral 5-HT permeability coefficient obtained from the best fit curves was P = 1.3 ± 0.4 x 10-5 cm/sec and was the same as the value obtained from the initial rates.
Despite the rather high precision of the permeability coefficient for a given membrane preparation, we must point out that these are membrane-dependent quantities. The ether injection vesicles contain a low level of phosphatidic acid, they exhibit a small degree of multilamellarity, and the rather high permeability coefficients found for proton-hydroxyl and sodium for these vesicles have raised questions about the uniqueness of the preparation. Arguments in favor of the system as a model, however, can be made (15) and the permeability coefficient measured for 5-HT falls within the range expected for a molecule of this structure. Transport of the catecholamine epinephrine, measured recently by chemical means in small sonicated lipid vesicles, gives a value of 2.7 ± 1.5 x 10-6 cm/sec (J. A.
Cramer, personal communication). This slightly smaller value can be rationalized on the basis of the greater hydrophobicity of 5-HT.
Perhaps more significant than the determination of a specific permeability coefficient is the illustration of the potential of NMR methods for the study of transport in closed membrane systems. The two major difficulties in studying vesicular systems, both artificial and natural, are (i) observing vesicular contents and (ii) distinguishing internal solutes from their external counterparts. As illustrated in Fig. 2 Fig. 3 , resolution of internal solutes from external solutes can be achieved by utilizing the different environments on the two sides of the membrane to achieve differences in chemical shifts. In the experiments described here, the natural propensity of the internal ATP to associate with 5-HT and the accompanying ring current shifts have been used to resolve the internal 5-HT resonances from the external resonances. This resolution allowed continuous examination of both the internal and the external amine without physical separation of the contents or disruption of the membrane.
